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The stability of peeling is theoretically investigated for systems with rate independent decohesion
energy. The effects of the system stiffness, tape geometry and variation of the bonding energy along
the tape-substrate interface are analyzed. The conditions for having stable (controlled) or unstable (bru-
tal) peeling are obtained analytically. The problem studied can provide insights on possible instabilities
affecting the detachment process of gecko’s toes and other biological systems.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The peeling process of adhesive elastic tapes and of adhesive
systems that are encountered in biological sciences has been the
object of growing interest in recent years, Rivlin (1944), Kaelble
(1959, 1969), Chen and Flavin (1972), Kendall (1975), Kim and Ara-
vas (1988), Wei and Hutchinson (1998), Georgiou et al. (2003),
Williams and Kauzlarich (2004, 2005), Yao and Gao (2006), Moli-
nari and Ravichandran (2008). In particular, considerable research
activity has been devoted to the analysis of gecko’s adhesion, Au-
tumn et al. (2000, 2002, 2006), Autumn and Peattie (2002), Gao
et al. (2005), Huber et al. (2005). Peeling models have been devel-
oped and the conditions for quasi-static peeling have been derived,
Pesika et al. (2007), Tian et al. (2006). However, little attention has
been accorded so far to the analysis of the stability of the detach-
ment process. In case of instability, the peeling process turns out to
be uncontrolled and brutal, and this may have important conse-
quences. For instance, unstable conditions of peeling could be an
important issue for the gecko’s survival since a brutal (unstable)
decohesion process would be advantageous to the gecko by allow-
ing rapid detachment when pursuing prey or being itself pursued.
The stability analysis of the debonding process in peeling has a
counterpart in the ﬁeld of fracture mechanics. When critical condi-
tions for crack propagation are encountered, the following ques-
tion arises: does the crack propagate in a stable (controlled)
manner, or, on the contrary, is the propagation unstable (uncon-
trolled). This problem is well documented in classical fracture
mechanics textbooks, see for instance, Kanninen and Poplarll rights reserved.
olinari).(1985). The conditions for crack propagation can be expressed in
terms of the energy release rate G. The crack cannot propagate if
G < Gc, where Gc > 0 is a material parameter (critical energy release
rate) characterizing the resistance to fracture. For G = Gc, crack
propagation is possible. Does the crack propagate at subsequent
times in a controlled (stability) or uncontrolled (instability) man-
ner?. The answer to this question proceeds along the following
statements. Denoting the crack advance by da, the process of crack
propagation is unstable if:
dðG GcÞ
da
> 0 ð1aÞ
On the contrary, the propagation process is stable if:
dðG GcÞ
da
6 0 ð1bÞ
Unstable crack propagation occurs for soft loading (prescribed load)
systems, while stable propagation is associated to stiff loading (pre-
scribed displacement) systems.
In this paper, we study the stability of the peeling process for
elastic tapes or ligaments, assuming that the decohesion energy
is rate independent. For instance, this is nearly the case for gecko’s
adhesion which is controlled by van der Waals forces. Some preli-
minary results were obtained by Molinari and Ravichandran
(2008) under force controlled loading. Here, the loading system
considered encompasses more general loading scenarios. The mod-
el loading device shown in Fig. 1 is a prototypical problem in peel-
ing and has some similarity with adhesion problems found in
biological systems such as a gecko. It represents a body of weight
2P attached to the ceiling by two ligaments (or tapes) AIJ and
A1I1J1. Adhesion to the ceiling occurs at the extremities IJ and I1J1
of the ligaments. The extremities A and A1 of the ligaments are
Fig. 1. Model adhesive system with elastic ligaments (or tapes) AIJ and A1I1J1
connected by a spring with stiffness K, each ligament subject to a dead load P, that
could mimic some biological adhesive systems.
Fig. 2. Schematic view of the peel test analyzed. A constant weight F\ is applied to
the tape extremity A. The system evolves by applying the horizontal displacement
uB to the spring extremity B. F// is the spring tension. The tape is subject to the
resultant pulling force, F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F2== þ F2?
q
.
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spring can be increased or decreased, mimicking the action of mus-
cles that can be extended or contracted in order to produce a var-
iation of the length A1A. This picture is certainly oversimpliﬁed
with respect to the real problem of gecko’s adhesion, but it yields
a ﬁrst insight into the stability of the global detachment process
(toes with respect to substrate).
The main scope of the paper is to analyze the effect of the sys-
tem parameters on the stability of the detachment process. A par-
ticular focus will be on the role of the spring stiffness K and the
contact geometry. The effect of a non-uniform contact geometry
will also be analyzed. It will be shown that instability of the deb-
onding process can be triggered by a decreasing tape width. In
the present analysis, the decohesion energy is assumed to be a
function of the peel angle and the position. Dependence of the dec-
ohesion energy with respect to position is not usual, but may be
realized in an engineered adhesive system to trigger unstable deb-
onding or, on the contrary, to enforce stable debonding. The depen-
dence of the decohesion energy on peel rate is neglected, i.e., rate
independent peeling. Also, we assume that the tape (or ligament)
has an elastic behavior, any plastic response being disregarded
(as is the case for gecko’s adhesion).
The questions under consideration are: (i) for which condition
is peeling activated, (ii) is the debonding process stable or unsta-
ble? (iii) how stability is affected by the stiffness K, the ligament
extensibility, the ligament geometry and the spatial variation of
the bonding energy?2. System conﬁguration and peeling force
The stability of the peeling process will be analyzed for the sys-
tem shown in Fig. 2 which represents half of the conﬁguration of
Fig. 1. In the system shown in Fig. 2 the tension load F// (parallel
to the spring) of the spring AB can be easily monitored indepen-
dently of the vertical (perpendicular to the spring) load F\ = P by
moving the extremity B. For biological systems and the related
conﬁguration shown in Fig. 1, the tension F// could be varied inde-
pendently of F\ by the effect of muscle extension or contraction,
but this happens to be less easy to realize experimentally.
In the current conﬁguration (time t) shown in Fig. 2, the de-
tached tape AI has a length l, the inclination angle h with respect
to the axis Ox (surface of the substrate) and is submitted to the ax-
ial force F applied at the extremity A. This force is decomposed into
components F== P 0 and F? P 0, respectively parallel and perpen-
dicular to the direction Ox:
F ¼ F==ex þ F?ey ð2Þ
F? P 0 is a ﬁxed applied weight, thus:F? ¼ F sin h ¼ const ð3Þ
with F = |F|.
F== P 0 is the force exerted by the spring AB on the tape. The
horizontal displacement uB of the extremity B of the spring is pre-
scribed. The spring AB remains horizontal by assumption. In prac-
tice the vertical position of B can be ﬁxed if the spring is long
enough. In that way the horizontality of the spring is only weakly
affected by the movement of the detachment point I.
The tensile force sustained by the spring AB can be written as:
F== ¼ F==0 þ KðuA  uBÞ ð4Þ
F//0 is the pre-load in the spring, uA and uB are respectively the x-
components of the displacements of A and Bwith respect to the ref-
erence conﬁguration.
The peel force was determined by Molinari and Ravichandran
(2008) in a general setting accounting for tape extensibility, large
deformation, and pre-straining of the tape. This approach general-
ized those of Williams and Kauzlarich (2004, 2005) obtained for
small tape deformation. The theoretical framework of Molinari
and Ravichandran (2008) is brieﬂy reviewed here. The tape is as-
sumed to be inﬁnitely ﬂexible (negligible bending stiffness). The
cross-section of the tape is rectangular (width, b and thickness,
h). The substrate is rigid (no deformation) and the tape is assumed
to have an elastic response, possibly non-linear. The debonding en-
ergy is taken to be rate independent.
The true strain e along the detached portion of the tape is as-
sumed to be uniform. The strain e is deﬁned by:
e ¼ lnðl=L0Þ ð5Þ
where L0 is the unstretched length of the tape element (before
bonding to the substrate) and l is the current length (after detach-
ment). The dependence of the tensile force F(e) in terms of the strain
e is identiﬁed from a simple tension test. The strain e is assumed to
be smaller than the critical value for which necking occurs. Plastic
yielding and strain rate dependence of the tape material are
disregarded.
When peeling occurs, the peel force F is related to the peel angle
h by the following relationship, Molinari and Ravichandran (2008):
FðeÞ expðe e1Þ  FðeÞ cosðhÞ 
Z e
e1
Fðe0Þ expðe0  e1Þde0  cb
¼ 0 ð6Þ
c is the bonding or adhesion energy per unit surface, e1 is the
pre-strain that is generated in the tape after bonding to the
substrate. Eq. (6) was obtained under the assumption of small
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after detachment.
For given peel angle h, pre-strain e1 and tape force-deformation
response F(e), Eq. (6) allows one to determine the strain e after
detachment and ﬁnally to get the value of the peeling force F(e).
For inextensible tapes (e = 0, e1 = 0), Eq. (6) simpliﬁes and the
peeling force has the form,
FRðhÞ ¼ cb1 cos h ð7Þ
The above equation due to Rivlin (1944) is widely used for the mod-
elling of peeling of inextensible tapes.
3. Energy release rate for elastic tapes of constant width
The weight F\ in Fig. 2 has a ﬁxed value. We start from an initial
equilibrium state of the system given by the spring pre-tension F0==
and the initial peel angle h0. We assume that F
0
== is large enough, so
that no debonding occurs in this initial state. Then, F// is progres-
sively decreased by moving the extremity B of the spring to the
right. The angle h grows according to the relationship, Eq. (3):
sin h ¼ F?=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F2? þ F2==
q
. If the weight F\ is large enough, the critical
condition (Eq. (6)) will be eventually reached and debonding is ini-
tiated. More details on the system evolution are given in Section 5
for the case of inextensible tapes.
We shall analyze the conditions under which the peeling occurs
in a quasistatic and controlled manner, or in contrast, in a dynamic
and uncontrolled way. In our analysis, we shall assume that, at the
moment when debonding is initiated the evolution of B is frozen
( _xB ¼ 0; with _xB being the x-component of the velocity of B). In that
way, we can examine whether debonding can proceed without
moving B horizontally.
As in fracture mechanics, it is worth characterizing the energy
release rate G of the peel system. The potential energy of the sys-
tem (tape and spring) is:
Wpot ¼Wel þWF ð8Þ
where Wel is the total elastic energy, WF ¼ 
R
ST
T:udS ¼ vAF? is
the potential energy of external forces. ST is the part of the external
surface of the system where the traction vector T is prescribed and
u = uex + vey represents the displacement. The energy release rate is
deﬁned by:
G ¼  dWpot
da
ð9Þ
where da > 0 is the increment of debonding.
The variation of the elastic energy in the tape due to the incre-
ment da has the following form (see Appendix A):
dWtapeel ¼ da
R e
e1
Fðe0Þ expðe0  e1Þde0  daFðeÞ½expðe e1Þ  cos hþ
FðeÞðdyA sin h dxA cos hÞ
ð10Þ
The point B being considered as ﬁxed when debonding is initiated,
the increment of elastic energy in the spring AB is:
dWspringel ¼ F==dxA ð11Þ
Since dvA = dyA, we have, according to the deﬁnition of WF:
dWF ¼ dyAF? ð12Þ
The energy release rate is obtained by using Eqs. (8)–(12):
Gda ¼ da
Z e
e1
Fðe0Þ expðe0  e1Þde0 þ daFðeÞ½expðe e1Þ  cos hþ
 FðeÞ dyA sin h dxA cos hð Þ  F==dxA þ F?dyA ð13Þ
The last terms on the right hand side of Eq. (13) simplify:Gðe; e1; hÞ ¼ FðeÞ½expðe e1Þ  cos h 
Z e
e1
Fðe0Þ expðe0  e1Þde0 ð14Þ
Thus, the relationship in Eq. (6) obtained for quasi-static deb-
onding can be written as:
G ¼ Gc ð15Þ
with
Gc ¼ cb ð16Þ
The detachment process can be featured according to the sign of
G  cb:
(i) G  cb < 0, peeling does not occur
(ii) G  cb = 0, critical condition for peeling
(iii) G  cb > 0 peeling proceeds dynamically and in uncontrolled
manner.
4. Stability analysis of the peeling process for elastic tapes with
constant width
At a given time t, the state of the system is characterized by the
coordinate a of the tip I of the attached tape (see Fig. 2) and by the
positions of A and B, deﬁned respectively by the coordinates (xA,yA)
and (xB,yB), with yA = yB. Coordinates are measured with respect to
the ﬁxed laboratory frame, Oxy.
To check the stability of the peeling process when the critical
condition G  cb = 0 is met, the following approach is used. At
the time t (tip position, a) for which G  cb = 0, the horizontal dis-
placement of B is frozen ( _xB ¼ 0), as stated in Section 3. Then, we
examine whether, for the increment of debonding, da > 0, the peel-
ing process is arrested (d(G  cb) < 0), or proceeds in uncontrolled
manner, either dynamically (d(G  cb) > 0), or quasi-statically
(d(G  cb) = 0). For d(G  cb) < 0, the detachment process can be
viewed as stable, since debonding appears to be only possible by
moving B horizontally ( _xB > 0) and is stopped if _xB ¼ 0. Peeling is
unstable for d(G  cb) > 0, since the system evolves spontaneously
(i.e., without movement of B) from G  cb = 0 (tip position, a) to
G  cb > 0 (tip position, a + da) for which peeling proceeds dynam-
ically and in uncontrolled way.
4.1. Evolution equations
We shall examine how the system evolves under the tip posi-
tion increment, da. The increments of all system parameters will
be evaluated in terms of da. The incremental displacement of the
extremity A is:
duA ¼ dxAex þ dyAey ð17Þ
The increments dh, de and dl are obtained in terms of da, dxA and dyA
as follows. We denote by I0 the new position of the tip due to the
increment da > 0 and by A0 the new position of the tape extremity,
see Fig. 3. The detached length changes from AI = l to A0I0 = l + dl. The
corresponding lengths in the unstretched conﬁguration are respec-
tively L0 and L0 + dL0.
It is assumed that the width of the tape is uniform. The case of
an inextensible tape with variable width will be discussed in Sec-
tion 5. The pre-strain is supposed to be uniform along the interface
Ox and is given by:
e1 ¼ lnðda=dL0Þ ð18Þ
The portion da of attached tape, has the unstretched length dL0 and
the length dl after detachment. According to Eqs. (5) and (18) we
have:
de ¼ lnððlþ dlÞ=ðL0 þ dL0ÞÞ  lnðl=L0Þ ¼ dll 
da
L0
expðe1Þ ð19Þ
Fig. 3. Evolution of the system conﬁguration due to the increment of debonding,
da > 0.
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where dxA is the incremental displacement of A in the direction x. It
follows that:
da ¼ cosðhÞdl l sinðhÞdhþ dxA ð20Þ
We have also:
dyA ¼ ðlþ dlÞ sinðhþ dhÞ  l sinðhÞ ¼ sinðhÞdlþ l cosðhÞdh ð21Þ
With Eqs. (19)–(21), de, dl and dh can be expressed in terms of da,
dxA and dyA:
de ¼ sinðhÞ dyA
l
þ ðcosðhÞ  expðe e1ÞÞdal  cosðhÞ
dxA
l
ð22Þ
dl ¼ sinðhÞdyA þ cosðhÞda cosðhÞdxA ð23Þ
dh ¼ cosðhÞdyA
l
 sinðhÞda
l
þ sinðhÞdxA
l
ð24Þ
The constraint expressed in Eq. (3) leads to:
F 0ðeÞ
FðeÞ deþ
cos h
sin h
dh ¼ 0 ð25Þ
where F 0 stands for the derivative of force, F with respect to strain,
e.
Since the extremity B of the spring is considered as ﬁxed, we
have from Eq. (4):
dF== ¼ KdxA ð26Þ
As F== ¼ F cos h ¼ F? cos hsin h and F\ = const, it follows that dF== ¼ F dhsin h.
Combining this expression with Eq. (26) we obtain:
KdxA ¼ F dhsin h ð27Þ
Using Eq. (22)–(25), (and) (27), all the increments de, dl, dh, dxA
and dyA can be written as linear relationships with respect to da.
Thus, the evolution equations of the system can be written as a ﬁrst
order differential system in terms of de/da, dl/da, etc. In particular
we have:
dh
da
¼ E1
E2
ð28Þ
where:
E1 ¼ 1l F
0ðeÞ sin hð1 cos h expðe e1ÞÞ ð29Þ
E2 ¼ F 0ðeÞðsin hÞ2 þ FðeÞðcos hÞ2 þ FðeÞF
0ðeÞ
Kl
ð30Þ
We assume that the debonding energy c is function of the posi-
tion a of the tape tip and of the angle h. By Eq. (14) G is function of e
and h. Therefore, we have:dðG cbÞ ¼ @G
@e
deþ @G
@h
dh @c
@a
bda @c
@h
bdh
Using Eq. (25) to express de in terms of dh we obtain:
dðG cbÞ
da
¼ F
sin h
dh
da
1 cos h expðe e1Þ  b sin hFðeÞ
dc
dh
 
 b @c
@a
ð31Þ
Finally by using of Eq. (28) it follows that:
dðG cbÞ
da
¼  E3
E2
 b @c
@a
ð32Þ
with E2 given by Eq. (30) and E3 deﬁned by:
E3¼1l FðeÞF
0ðeÞ 1coshexpðee1Þð Þ 1coshexpðee1ÞbsinhFðeÞ
dc
dh
 
ð33Þ4.2. Discussion
Several cases can be encountered according to the values of the
system parameters. Let us assume ﬁrst that the debonding energy
c is constant. Then, Eq. (32) takes the form:
d
da
ðG cbÞ ¼ FðeÞF
0ðeÞ
lE2
1 cos h expðe e1Þð Þ2 ð34Þ
It was postulated that force softening does not occur during exten-
sion of the tape, i.e., F
0
(e) > 0. If K > 0 (non-zero spring stiffness), we
have dda ðG cbÞ < 0 since 0 < E2 <1 from Eq. (30). Thus, the peeling
process is stable in this case.
In the particular case of zero spring stiffness (K = 0), we have
E2 =1 and dda ðG cbÞ ¼ 0. Then, the critical condition G  cb = 0
is maintained when the tip I (Fig. 3) is moving. Peeling proceeds
without the necessity to displace B rightwards. But it should be
noted that debonding would be arrested by moving B slightly to
the left. K = 0 is realized when the length of the spring is inﬁnite.
Then, the tension F// is constant (i.e., does not depend on the dis-
placement of A) and the tape is subject to the constant force,
F =  F//ex + F\ey. As expected, instability is promoted when the
system is softer.
Let us assume now that @c
@h ¼ 0 and that @c@a < 0. This means that
the debonding energy is weakening along the interface Ox and is
independent of the peel angle, h. Then:
d
da
ðG cbÞ ¼ FðeÞF
0ðeÞ
lE2
1 cos h expðe e1Þð Þ2  b @c
@a
ð35Þ
The ﬁrst term in the right hand side is negative, but the second is
positive. Thus the weakening of c leaves the possibility of having
d
da ðG cbÞ > 0, i.e., unstable debonding.
So far, we have assumed that the tape width is uniform. How-
ever, a decreasing width can be an additional cause of instability
for the peeling process. We shall examine this issue in the next sec-
tion. For the purpose of simplicity, we restrict the analysis to the
case of inextensible tape.
5. Evolution problem and stability analysis for inextensible tape
of variable width
For inextensible tapes the energy release rate is given by:
G ¼ ð1 cos hÞF ð36Þ
which is a particular case of the relationship Eq. (14) with e = e1 = 0.
The relationship in Eq. (36) remains valid for tapes with non-
uniform width (see Appendix B).
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FR(h) results fromEq. (36) and is given by Eq. (7). In Fig. 4, the pulling
force F is shown in terms of h according to FR(h) given by Eq. (7) and
F^ðhÞ ¼ F?= sin h, for c = 30 N/m,b = 0.05 mand F\ = 3 N. Thedebond-
ing energy c chosen here is typical for pressure sensitive tapes,
Pesika et al. (2007).Before addressing the stability of thepeelingpro-
cess, we provide a more detailed view of the evolution problem
which was just brieﬂy sketched in Section 3. We denote by
X(t) = (h(t), F(t)) the point associated to the tape orientation h(t)
and the pulling force F(t) and time t. X0 corresponds to the initial
time, t = 0. The curve F^ðhÞ ¼ F?= sin h represents the ensemble of
admissible states satisfying the constraint in Eq. (3). R(t) is the inter-
section of curves FR(h) and F^ðhÞ. R0 is the initial position of R. The
curve F^ðhÞ is ﬁxed (F\ is taken as constant), but FR(h) may be time
dependent due to the possible variation of c and of bwith the posi-
tion a of the tape tip I (the value of cb in Eq. (7) is taken at the tip I).
Thus, R may evolve with time.There is no detachment at X0 since
G  cb < 0. For t > 0, the extremity B of the spring is subject to the
velocity _xB > 0 so that the tension F// of the spring is progressively re-
leased. Consequently, the net pulling force F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F2== þ F2?
q
is decreas-
ing and the current stateX(t) ismoving to the right on the curve F^ðhÞ
until reachingR0 at time t1. Debonding is initiated at time t1.Consider
ﬁrst the case where cb = const (no dependence upon the tip position
a). Then, there exists a stationary and quasistatic solution of the
peeling process for t P t1. For this stationary solution, the debond-
ing speed has the constant value _a ¼ _xBð1 cos hstÞ1 for which the
spring has a constant length (and a constant tension F//). The peel
force and peel angle are ﬁxed and given by Fst ¼ FR0 and hst ¼ hR0
(R0 is the initial position of R). hR0 is the solution of
F?
sin hR0
¼ cb1cos hR0
such that 0 6 hR0 6 p2. The pulling force is given by FR0 ¼ cb1cos hR0 .
For t P t1, we haveX(t) = R0.
If c or b are assumed to be function of the tip position a, the
curve FR(h) is not ﬁxed since c(a(t)) or b(a(t)) evolve with time dur-
ing the debonding process. Therefore, R(t) is function of time and
the fundamental solution of the problem is time dependent: i.e.,
X(t) = R(t).Fig. 4. The curve F^ðhÞ represents the ensemble of admissible states X satisfying the
constraint in Eq. (3). The curve FR(h) corresponds to the critical condition for
debonding G  cb = 0. The weight F\ is larger than cb, so that curves F^ðhÞ and FR(h)
intersect at R. The initial state of the system corresponds to X0. There is no
debonding at X0 as G  cb < 0. By moving the spring extremity B rightwards
( _xB > 0), the state X is approaching R. Debonding is activated when X = R.From the mathematical point of view the solution deﬁned
above (either stationary or time dependent) is the fundamental
solution of the problem. On the physical point of view, the funda-
mental solution can be realized (i.e., observed) only if this solution
is stable. The analysis of the stability of the fundamental solution
proceeds along lines similar to those developed in Section 4, with
the additional spatial dependence of the tape width.Due to the tape
inextensibility, we have dl = da, and Eq. (20) can be written as
dxA = da(1  cos h) + ldh sin h. After elimination of dxA into Eq.
(27), it follows that:
dh ¼ cos h 1F?
Kðsin hÞ2 þ l sin h
da ð37Þ
From (36) we have:
dG ¼ F?
1þ cos h dh ð38Þ
Considering that dðcbÞ ¼ ð@c
@a bþ c dbdaÞdaþ @c@h bdh, we obtain
ﬁnally:
d
da
ðG cbÞ ¼
ð1 cos hÞ F?1þcos hþ b @c@h
 
F?
Kðsin hÞ2 þ l sin h
 @c
@a
bþ cdb
da
 
ð39Þ6. Discussion of the stability for inextensible tape
The tape is considered to be inextensible. It is assumed that at
time t the critical condition for debonding is met: G  cb = 0. The
subsequent state of the system is analyzed for various
conﬁgurations.
6.1. Uniform tape width and constant bonding energy
For b = const and c = const, the results are similar to those ob-
tained in Section 4 for the extensible tape. According to Eq. (39),
we have dda ðG cbÞ < 0 (stability) if K > 0. For K = 0 the tape is sub-
ject to a constant force loading, and it results from Eq. (39) that
d
da ðG cbÞ ¼ 0: Therefore, peeling proceeds without necessity to
move B rightwards (Fig. 2).
6.2. Inﬁnitely soft spring (K = 0)
In this case Eq. (39) reduces to dda ðG cbÞ ¼  dðcbÞda . Thus, the
peeling process is unstable if cb is weakening along the interface
Ox.
6.3. Tape with decreasing width and constant bonding energy
The sign of dda ðG cbÞ is identical to that of
E ¼ 1 cos h
1þ cos h F?  c
db
da
F?
Kðsin hÞ2
þ l sin h
 !
ð40Þ
The ﬁrst term in the right hand side is negative, while the second
term has a positive sign when dbda < 0 (decreasing tape width). There-
fore unstable peeling can be triggered by this geometrical softening.
By considering that F\ = Fsinh and using Eq. (7) for F (equivalent
to G  cb = 0), the following instability condition is obtained from
Eq. (40):
1þ b
0
b
cb
Kð1 cos hÞ2
þ lð1þ cos hÞ
 !
< 0 ð41Þ
We note from Eq. (41) that instability is favoured by a soft
spring. Indeed, the destabilizing effect of b0 < 0 in Eq. (41) is en-
hanced by decreasing the value of K.
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The stability of the peeling process has been analyzed theoret-
ically for an adhesive system with rate independent decohesion
energy. The analytical results allowed us to explore the effects of
the system stiffness, tape geometry and spatial variation of the
bonding energy. It was shown that unstable (uncontrolled) peeling
could be triggered by a decreasing tape width and/or weakening of
the debonding energy along the substrate interface. Instability is
also favoured by a small stiffness of the spring system.
These theoretical considerations may provide insights into
some biological adhesive systems. As noted in the introduction,
the remarkable ability of the gecko to climb walls has attracted a
lot of attention on the gecko’s hierarchical adhesion system. How-
ever, little attention has been accorded so far to the possible occur-
rence of unstable conditions of peeling.
The detachment of gecko’s toes is certainly inﬂuenced by the
stiffness of muscles and tendons (stiffness that can be modulated)
and by the geometry of the contact. The effect of a non-uniform
contact width is an interesting feature affecting the detachment
process. It has been shown that a brutal (uncontrolled) debonding
could be triggered by a decreasing tape (or ligament) width. On the
contrary, an increasing width could strongly stabilize the detach-
ment process. It is interesting to note that the shape of gecko’s toes
is such that the contact width is increasing at the beginning of
detachment (stabilizing factor) and later decreasing (destabilizing
factor) enabling easy detachment.
Naturally, it should be kept in mind that the gecko’s adhesion is
controlled by a hierarchical system with higher complexity than
the conﬁguration investigated in the present paper. Extension of
the stability analysis of peeling to the gecko’s hierarchical system
is envisioned for further research. Nevertheless, it is believed that
the main ideas and results obtained by analyzing simple systems of
the type shown in Fig. 2 could provide useful information for inves-
tigating possible instabilities during the detachment process of
biological adhesive systems such as the gecko’s system.
The system studied in the present work can be easily investi-
gated experimentally and could provide an analogue model for
analyzing detachment instabilities. Recently, an experimental
set-up has been developed based on the schematic conﬁguration
shown in Fig. 2, Kovalchick et al. (2012). These experiments allow
for independent variation of the applied load and stiffness of the
system. The role of various parameters including the stiffness of
the loading system and geometry of the ﬁlm on the stability of
peeling has been investigated and the results found were in agree-
ment with the theoretical stability criteria obtained here.
It should be noted that the bonding energy was assumed to be
rate independent in the present work. The stability analysis for a
rate dependent peeling process is an important issue to be investi-
gated. However, the trends that have been found here are sought to
be conserved for the rate dependent problem
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Appendix A. Variation of elastic energy due to the increment
da > 0 of debonding
Consider a tape element with unstretched length L0. When de-
tached, this element has the length, l and is subject to the tensile
force, F. The elastic energy stored in the detached element is equal
to the work of the tensile force:WelðL0 ! lÞ ¼
Z l
L0
Fðl0Þdl0 ¼
Z e
0
Fðe0Þl0de0 ¼ L0
Z e
0
Fðe0Þ expðe0Þde0
ðA1Þ
Here, we have used the deﬁnition of the logarithmic strain: e = ln (l/
L0).
For a given tip position a, the elastic energy stored in the parts
AI and II0 (see Fig. 3) of the tape is:Wel(AI) +Wel(II0). For the position
a + da this energy becomes WelðA0I0Þ. Thus the increment of elastic
energy in the tape is:
dW tapeel ¼WelðA0I0Þ WelðAIÞ WelðII0Þ ðA2Þ
The portion AI of the tape has current length l, unstretched length
L0, and current strain e = ln(l/L0), thus:
WelðAIÞ ¼WelðL0 ! lÞ ¼ L0
Z e
0
Fðe0Þ expðe0Þde0 ðA3Þ
The portion II0 has current length da (see Fig. 3) and unstretched
length dL0. The corresponding strain is equal to the pre-straining
of the tape, e1 = ln (da/dL0). Therefore:
WelðII0Þ ¼WelðdL0 ! daÞ ¼ dL0
Z e1
0
Fðe0Þ expðe0Þde0 ðA4Þ
The ligament A0I0 has current length l + dl, unstretched length
L0 + dL0, and current strain e + de, then:
WelðA0I0Þ ¼ ðL0 þ dL0Þ
Z eþde
0
Fðe0Þ expðe0Þde0
 L0
Z e
0
Fðe0Þ expðe0Þde0 þ dL0
Z e
0
Fðe0Þ expðe0Þde0
þ L0FðeÞ expðeÞde ðA5Þ
Combining Eqs. (A2)–(A5), we get:
dWtapeel ¼ dL0
Z e
e1
Fðe0Þ expðe0Þde0 þ L0FðeÞ expðeÞde ðA6Þ
The relationship in Eq. (10) is ﬁnally obtained by considering that
dL0 = da exp(e1) and by using Eq. (22).
Appendix B. Energy release rate for inextensible tapes
The tape is assumed to be inextensible. The new aspect is that
the tape width can be considered as non-uniform without altering
the result in Eq. (36). We remind here that the stability of the peel-
ing process is investigated by assuming that dxB = 0 as soon as deb-
onding is initiated.
With the notations and assumptions of Section 3, we have:
Gda ¼ dWpot ¼ dWel  dWF ðB1Þ
There is no stored elastic energy within the tape; therefore the var-
iation of the elastic energy of the system is simply due to the spring
AB. With dxB = 0, it follows that:
dWel ¼ F==dxA ðB2Þ
As in Section 3, we have:
dWF ¼ dyAF? ðB3Þ
The following relationships are obtained from Eqs. (20) and (21)
with dl = da (inextensibility):
dxA ¼ ð1 cos hÞdaþ l sinðhÞdh;
dyA ¼ sinðhÞdaþ l cosðhÞdh ðB4Þ
The classical energy release rate, same as the original result de-
rived by Rivlin (1944) for uniform width tape, is obtained by com-
bining Eqs. (B1)–(B4):
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Since the tape is assumed to be inextensible, the elastic energy
of the tape is zero and the tape geometry does not alter the way by
which the result in Eq. (B5) was obtained. Thus, the relationship in
Eq. (B5) is valid for tapes with non-uniform width. For a deform-
able tape, we would have to account for the tape geometry and
the spatial variation of the strain e in the calculation of the elastic
energy of the detached tape.
References
Autumn, K., Liang, Y.A., Hsien, S.T., Zesch, W., Chan, W.P., Kenny, T.W., Fearing, R.,
Full, R., 2000. Adhesive force of a single gecko foot-hair. Nature 405, 681–685.
Autumn, K., Sitti, M., Liang, Y.A., Peattie, A.M., Hansen, W.R., Sponberg, S., Kenny,
T.W., Fearing, R., Israelachvili, J.N., Full, R.J., 2002. Evidence for van der Waals
adhesion in gecko setae. Proc. Natl Acad. Sci. USA 99, 12252–12256.
Autumn, K., Peattie, A.M., 2002. Mechanism of adhesion in geckos. Integr. Comp.
Biol. 42, 1081–1090.
Autumn, K., Majidi, C., Groff, R.E., Dittmore, A., Fearing, R., 2006. Effective elastic
modulus of isolated gecko setal arrays. J. Exp. Biol. 209, 3558–3568.
Chen, W.T., Flavin, T.F., 1972. Mechanics of ﬁlm adhesion: elastic and elastic–plastic
behavior. IBM J. Res. Devel. 23, 203–213.
Gao, H., Wang, X., Yao, H., Gorb, S., Arzt, E., 2005. Mechanics of hierarchical adhesion
structures of geckos. Mech. Mat. 37, 275–285.
Georgiou, I., Hadavinia, H., Ivankovic, A., Kinloch, A.J., Tropsa, V., Williams, J.G., 2003.
Cohesive zone models and the plastically deforming peel test. J. Adhes. 79, 239–
265.
Huber, G., Gorb, S.N., Spolenak, R., Arzt, E., 2005. Resolving the nanoscale adhesion
of individual gecko spatulae by atomic force microscopy. Biol. Lett. 1, 2–4.Kaelble, D.H., 1959. Theory and analysis of peel adhesion. Trans. Soc. Rheol. 3, 161–
180.
Kaelble, D.H., 1969. Peel adhesion: inﬂuence of surface energies and adhesive
rheology. J. Adhes. 1, 102–123.
Kanninen, M.F., Poplar, C.H., 1985. Advanced Fracture Mechanics. Oxford University
Press.
Kendall, K., 1975. Thin-ﬁlm peeling – the elastic term. J. Phys. D Appl. Phys. 8, 1449–
1452.
Kim, K.-S., Aravas, N., 1988. Elastoplastic analysis of the peel test. Int. J. Solids Struct.
24, 417–435.
Kovalchick, C., Molinari, A., Ravichandran, G. An investigation of the stability of
peeling adhesive tape, submitted for publication.
Molinari, A., Ravichandran, G., 2008. Peeling of elastic tapes: effects of large
deformations, pre-straining and peel-zone model. J. Adhes. 84, 1–35.
Pesika, N.S., Tian, Y., Zhao, B., Rosenberg, K., Zeng, H., McGuiggan, P., Autumn, K.,
Israelachvili, J.N., 2007. Peel-zone model of tape peeling based on the gecko
adhesive system. J. Adhes. 83, 383–401.
Rivlin, R.S., 1944. The effective work of adhesion. Paint Technol. 9, 215–216.
Tian, Y., Pesika, N.S., Zeng, H., Rosenberg, K., Zhao, B., McGuiggan, P., Autumn, K.,
Israelachvili, J., 2006. Adhesion and friction in gecko toe attachment and
detachment. Proc. Natl Acad. Sci. USA 103, 19320–19325.
Wei, Y., Hutchinson, J.W., 1998. Interface strength, work of adhesion and plasticity
in the peel test. Int. J. Fract. 93, 315–333.
Williams, J.A., Kauzlarich, J.J., 2004. Peeling shear and cleavage failure due to tape
prestrain. J. Adhes. Technol. 80, 433–458.
Williams, J.A., Kauzlarich, J.J., 2005. The inﬂuence of peel angle on the mechanics of
peeling ﬂexible adherends with arbitrary load-extension characteristics. Tribol.
Int. 38, 951–958.
Yao, H., Gao, H., 2006. Mechanics of robust and releasable adhesion in biology:
bottom-up designed hierarchical structures of gecko. J. Mech. Phys. Solids 54,
1120–1146.
